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SOMB -SYSTEMATIC MODEL EXPERIMENTS ON THB PORPOISING
CHARACTERISTIOS OF FLYING-BOAT HULLS

By Kenneth S. M, Davidson and ¥, W. S, Looke, Jr.
SUMMARY

This report presents the results of systematic model
experiments on the hydrodynamlo charaoteristice of flying
boats, aimed primarily at developing a comprehenslve vlew
of the factore influenoing porpoleing and of thelr rela-
tive importance. The experimente "radiated" from a given
reference shlp; they embrace changes, over reasonably
wide ranges, 1n the value of eaoh of a number of variables,
treated independently. .

The experimental results are summarized in a series
of 26 figures, each of which gives the complete data for
all the modiflcations of one variable.

The results are further oondensed for easy referenoe
in ohartes 1 to 3, which follow the Summary. In these
charts the principal portlons of the summary figures are
reproduced at smaller soale and are arranged 1n groups
aocordlng to the type of the variable they represent.
Here the relative influence of the variables id brought |,
out merely by the relative "blaokness" of the oharts.

The major conolusions which follow are based upon
the ranges of change of the varlables indloated on the
sumnary figurea:

1. The stability limits for a given.hull under various
loadings and aerodynamic oonditions are determined (1)

primarily by the three variables whioh govern the load on

the water in steady motion ~ gross load 4,, wing lift at

arbitrary trim angle Z,, and rate of change of '1ift with

The oomplete set of data from whioh the figures in this
report were prepared and on which the analyses 1in this
report were made may be obtalned on loan from the Offioe
of Aeronautical Intelligenoe of the National Advisory
Committee for Aeronautiocs, Washington, D. C,




trim Zg and (2) ‘secondarily by the tail damping rate
Mg: Increasing the watsr-bormne load ralses both limitse
w}thout materially affecting.the width of the stable range;
increasing the taill damplng rate lovers the lower limit at
high speeds ~ the magnitude of the effect belng greatest,
however, at damping rates considerably below normal.

2, Altérations to the afterbody, under piven lording and

aerodynamic conditions, may alter the uvver 1limit and the
poak value of the lower limit in the vicinity of the hunmn;
they'do not mrlter the lower limit at hipgher svpeads. Phe
hupo trim and the hump resistonce in stemdy motlon follow
tha variation of the meak of the lowar limit. Assuming a
roagonable length, the most mowerful afterbody varlable 1is
the angle between a prolongatlon of the forebndy kel and a
line Joinins the tiv of the m=2ln step witkh the tip of the
-gtern post. Increasine this angls rals=s the Frumm trim and
resistance and the vooer 1limit of stabllity;: if carried far
.enough, 1t will guprress upp=r-limit Dormeising at high
svesds. Increasing the step height also sunpresses unver-
limit porpoising at high spe2ds. '

3. Alterstions to the forebody, under givan loading and
aerodynAamic condltions, may altsr bctlk limite dut tand
to affect principally the low:r limit At high spe-<ds. If
~sufficlent forebndy length to vrovide flotation Aand to pre-
vent diving at low speeds 1s assumed, the most powerful
forebody wvarliable 1s the emount.of warning of the bottom
in th2 reglon Just . ahe:d of the main ster. Increasing the
warping lowzars fhe lower li~it at high speads but rsises
the hump rsslsthnce. .

4, Finselly, as a tentative, very broad conclusion: None
of the modifications consid-red in the experiments was
successful in <liminating completely either upper-1limit or
lover-limit morpolesing Aand, 1n general, modifications
whick tonded to improve the pormolsing characteristics
tended to inJure the rssistance characteristicas. Modifica-
tions of the loading or .of the amrodynamic conditions (that
1a, of the voriabls of groumws I and IT shown in charts 1
and 2) werm found not to affect the characteristics an-
nreclably except ms they influenced tha net water-borne
load; modifications of the hull form (taking grour ITI,
chart 3, 1n 1ts entirety) had larger affects, but these
modifications ware malnly varlatlons on a plvan perent
form., It follows that =ny significant imorovement in toth
vorvolsing and reslestance characteristics must demend uvon
imnroving the bdasic osrent form of the hull.
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INTRODUCTION

- - - f—— e s

Porpoiging is a self-gustaining oecillatory motion
in the vertical longitudinal plane, which occure at plan-
ing speesds. It can originate 1n an instability of the
uniform longitudinal motion in smooth water and does not
depend for ite persistence nupon any system of periodic
dieturbing forcees such, for inestance, as is provided by
head seas. In the worde of one test pilot, ¥It 1s always
unpleasant and it may be catastrophic.”

Observations of porpoising show that there are really
two principal osoillatory motions (1) a vertical oscilla-
tion of the center of gravity and (2) an angular oecilla-
tion about the center of gravity. These two motions are
seen to have the sams period but to differ in phase. The
necessary energy to sustain porpolesing must evidently be
drawn from the horizontal propelling force, there being
no other poseible msource, The average water resiatanoce
nust therefore be greater than for steady motion under the
same oonditione i1f the speed is held constant, or the av-
erage speed must be less if the propelling force 1e held
congtant. In the latter event, an oscillation in the hor-
izontal speed may be edded to the two motione descrided
above, but this is usually small and may ordinarily be
dieregarded. -

Two main olassifioatione of porpoising are distin-
gulghable with hulls of oconventional type:

(1) Low angle or "lower-limit" porpoising, which
ococurs at relatively low trim angles, is clearly at-
tributable to inetabllity of the forebody planing
alone and is largely uninfluenced by the afterbody

(2) High angle or "upper-limit* porpoising,
wvhich oceccurs at relatively high trim angles, is
olearly attributable to interaction between the
forebody and afterbody and is influenced in important
respects by changes in the afterbody form

There is usually a region of stable trim anglea be-
tveen the regions in which.these two classes of porpoles-
ing occur. The stable region is conveniently desoridbed
by a statement of the trim angles at the upper and lower
"limite of etability."” The objective in designing is to
eliminate porpoieing or, failing thie, to widen as muoh
as posslble the range of stable trim anglea between the
two limite,




Porpolsins ph-nomerna have been studied by theoreti-
cal anslysls of the conditlons for stability, starting
from the basic equatlions of motion (referencss 1 and 2).
To date, thls apuvroach has falled to advance matarially -
dastallad undergtanding of the phenomena, Aand 1t reaulres
8o much time-consuming lahor a® to render 1lts nractical
apvlication in individual cases nearly prohibltiva,.

Most of what 1s now known about morrmoising hmss been
learned through mod21 exvperiments conducted with due re-
g9rd to the dynermlc requirements. The inkherent dangar to
the actual ship limits the score of systematic exo-riments
on pornolsing at full scale, And model exvneriments have
the additional advantaga that the test condltlons cean ba
more accurately controll:d and the test results therefore
more readily interpreted. Sufficl=snt evidenca a3xigts to
indicate satlofactory correlation between shiv and model
porpolsing in brsic respects.

Because of the lnherent. dsnga=r to the ship and the
conssquent nesd of mdvance warnlng on vmorpoising charac-
teristics, mcd=21 experimentoc in tha past Lave tended to
place the emphasls on predicting the charactaristics of
individual deslgns rathar than on developing a bdPrond pic-
ture of the influance and relative importsnce of the var-
ious factors involved. The latter volnt of view was
adooted for th= investlgation whkilch forms th2 subject of
this revnrt. In addition, through simmlification of the
testing procedure »nd the use nf An unusually small mod-l,
the exverimental work has be=n matericlly =ccelerated so
that congldarable ground csn be cover=d in & short time.

The expoeriments followed = vrogram desligned vrimarily
to g£aln persvsctive, and considerable attention has been
glven to presenting the test results in sirnle form. Only
the basic vorvolsing chrracterlstics are considered; namely,
the upper and lo/er limlts, Aas these would be determined in
an actual ship by respAactively raising or lowering tha trim
angle from A mean value 1ln the steble ranga. Variations,
particuls rly of the high-angle tyne of morpolsing, are known
to exlist; these hive basan disregarded for th= present in the
interest of clarifylng the basic tyves.

The wnrk wag undsrtAaken wlth the financlal assistances
of the Natlonal Advisory Comnmlttaea for Leronautics. The
nrogram orlglnally 1laid out was to parallel similar work
contemvlated by them. 1In tha course of two years the pro-
gram has been exnmanded congiderably along independent lines.
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SCOP™ OT INVESTIGATION

It 1s.the purdode of "this revort- to present -the.re-
sults of .certaln systematic model oxnariments on flying-.
boat hulls, Porvolglng cheracteristics and steasdy-mottion
reaistaﬁcﬂﬁ rre consldarad, but the- mrincipal emphasls 1is
on tha porpolsing characteristics. The experiments radi-
atad from A given flylng hoat, taken ns A baslc point of
d=parturs. The referance shiv us=d was the XPB2M-1l, =a
representative moderr design hoving, for = gross waight
of 1%0,000 pounds, = wing loading A,/S of 38.0 pcunds

per square foot, and a berm loadlng Ao/wb5 of 0.89.
Fach of a number of variahles was nlter«d, szparately
from the cthers As far As vpossibdle, over A range of val-
ues embraclng ths normal value for the refarence shiv and
intended to be wide enougk to cover all values lilkely to
ba encountered 1in practlice. The advantage of thils proce-
dure 1s .that 1t materially simplifies the nradlem of co-
ordinating tz2st results. It does not necesssarily restrict
the aoplicability of the rasults to th= refzrence aship -
providad that the reanges of change of the varimables ars
sufficiently wid=.

The radiating chart (fig. 1) shows the thra= grouvps °
into which the wvariables fall naturrclly:

Grouv I -~ W#elght And In-rtia Ioading
@roun II -~ Aerodvnamic Conditions
Groun III - Hull Form

and also the comrorent variadbles of asch groun whiclk hesve
b=2en covered, to date, by the exnerimente., Tt will be
seen that the last grouv is sudbdlivided irto

Group IIIA - Afterbody Form
Group ITIF ~ Forebody Form
Group IIIE - Hull Form (As m Whole)

The dimenslons And particulars considsr-d as "normal!
for ship and model (1/30 scale) are g€lven in tables I. The
basic hull lines are shown in figure 2.

- Condensed summary figures of test results (figs. 6 to
30) include all the pertinent data: all conclusions or =
gnfnernligzations Are bas«d on the ranges of change of the
variables ‘which they show. Had the r~ngas of changed .
been extended %"ad absurdum," scmn of  the conclusions and
genernlizations would undoudbtedly have been aAltered,

-
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TEST METHOD

Teste of a dynamic model, complete with wings and

" tall surfaces, are a recognized method of 4investigating

the porpoleing charaoterletlcs of individual flylng-boat
and seaplane designs (references 3 and 4). Difficultiles
inherent i1n this method are

(1) That the magnitudes and the influence on
porpolsing of the geparate aerodynamlec and hydrody-
namic oomponente of the varlables 1lnvolved are not
easlly evaluated .

(23) That scale or interference effects may
easlly prevent accurate reproduction-.-of the full-
gslze aerodynamic forces and moments

(3) That the time and cost involved in construct-
ing and alterlng models 1s high

The method used in the present lnvestlgation wag de-
signed to overoome these difficulties as far as possible
and to permit direct studies of the hydrodynamle charac-
teristice under rigidly controlled "aerodynamic% condi-
tione. A dynamlec model of the hull 1s used without wings
or tall surfacee. The equivalent of the aerodynamic
forces and moments are applled by

(1) A calibrated hydrofoil for 1lift forces and
force derlvatives

(2) A calibrated epring and a calibrated dash-
pot for aerodynamic moments and moment derivatives

All these are readlly adjustable to produce magnltudes
correspondling to any desired alr structure.

DESCRIPTION OF APPARATUS

A dlegrammatic sketch and a photograph of the appa-
ratus used 1n the porpoising experiments are shown 1in flg-
urees 3 and 4,

The maln frame ia fitted with vertical tracks gulded
by rollers so that 1t 1s free to move vertically but
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otherwige restralned with respect to the towing oarriage
of the tank. The model 1s attaohed to the forward end of
this frame through pivots at the oenter of gravity whigh
allow freedom in pitch; the after end of the frame oarries
the supporting oolumn for a hydrofolil. Thisg frame-trans-
‘mite the 1lift of the hydrofoill t0 the model; 1ts welght,
with all the attachments moving with it, is a part of the
groses welght of the model. '

" The walking beam, pivoted on the main frame, changes
the angle of attaok of the hydrofoll in proportion to
changes 1in the angle of trim of the hull, Through the de-
slgn of the hydrofoll i1tself, and by means of the adjudt-
ments provided, the aerodynamic 11ft can be made to corre-
spond to prescribed values of

Z, 1ift at arbitrary trim angle (IL,)

Zg rate of change of 1ift with trim angle (dL/4T)

Z, rate of change of 11ft with vertioal velooity (dL/dw)

A torslon spring, mounted in the axis of the model
pivot, 1s provided with the necessary adjustments for mak-
ing the resultant aerodynamlc moment correspond to pre-
gsoribed values of
Ho moment at arbltrary trim angle (Mo)

Mg rate of ohange of moment with trim ahgle (aM/arT)

The dashpot shown is provided with a number of calil-
brated pistons which, together with ad justment of the
radius of aotion, provide for making the aerodynamie tall
damplng moment correspond to prescribed values of

M, rate of ohange of moment with angular velocity (aM/dq)

The following two eserodynamic derivatives are neg-
leoted in thils arrangement of the apparatus:

Z, rate of change of 1ift with angular veloolty (aL/dq)

M, rate of change of moment with vertioal velocity (aM/dw)

A series of speclal tests described later, oonfirmed the
assumptlon made 1n desligning the apparetus thet these two
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derivatives probably had negligible effeots on the stabil-
ity limits,

Graphlcal records of porpoising are obtained from a
sc#®ber, attached to the model and located at an arbitrary
helght direoctly above the center of gravity when T = 0,
which moves over a smoked glass fixed with respect to the
towing carriage. The records are reproduced photograph-
ically.

The drive gear of the Stevens Tank is arranged to
provide a serles of fixed, reproduclible speeds. A de-
sceription of the tank will be found 1n reference 5.

TEST PROCEDURE

All tesets were made at constant speeds and 1n sub-
stantially still water, It 1s considered that tests at a
steady epeed are more likely to bring out porpoieging tend-
encles than accelerated tests, becanse they allow time for
any instability to develop. In all cases in which propois-
ing ococcurred, a steady-state oycle was developed after a
very few initial transient cycles. It was found that the
transient cycles depend upon the amplitudes of the initial
disturbances which start porpoising, as compared with the
steady~state amplitudes, a larger number of transient
cycles ooccurring when the initlial disturbances are rela-
tively small and a smaller number when the initliagl dils-
turbances are relatively large.

The amplitude of the final steady-state cycle 1s
largely unaffected, however, by the magnitude of the ini-
tial disturbances and is therefore & convenlent measure
of the inherent porpoising tendenoy under given condi-
tions., The principal requirement in teeting 1s that the
initial disturbances shall be sufflciently severe to in-
sure'development of the steady state within the 1limlts of
the test run., To this enéd the model 1s accelerated rapldly
in g distance equal to about three or four timees its own
length,

The tests under each combination of hull form, aero-
dynamic conditions, and loading followed the same basic
program. In detail:

(1) Tests were made at each of a number of fixed
speeds, covering the range from a little below the
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hump to get-away in approximately equal steps.

(2) At each speed, tests were made with varia-
tions of the applied moment (corresponding to result-
ant aerodynamic moment), covering a range sufficlient
to produce trim angles embraoing the upper and lower
stability limits, as.ordinarily defined. The moment
setting (corresponding to elevator setting) was not
altebed during the course of any one test.

(3) At each speed and applied moment, a test
was made with each of three values of the tall damp-
ing dM/dq corresvonding consecutively to one-half,
one, and two times the normal value given in tadle I,
unless stablity occurred with less than the maximum
of these varunes. In the latter event no further
tesets wogre made. When the maximum value falled to
cause stabllity, an additional teat was made with a
large excess of tall damping to define the steady-~
motion attitude.

(4) The tests with normal particulars were made
firet and were carried out very completely. In the
later tests with modified particulars, certaln casses
were omitted which the firset tests had shown to be
relatlvely unimportent,

(5) Graphical records were made of the steady-
state, fully developed, porpoising cycle for all
tests 1n which propoising cccurred.

(6) The etability limit 1s arditrarily defined
a8 the trim at which the total eweep in trim angle
during porpoising (that 1s, the double amplitude) is
2%, This definition 1s of grestest significance in
connection with lower-limit porpolsing, where the
amplitude tends to blow up progressively; in the
case of upper-~limit propoising, which tonde to start
suddenly and may often consist princlpally of vertl-
cal motion, an arbitrary definitlion of the stabllity
limit 1s largely unnecessary.

The limits shown in the charts are for normal
tall damping, and are lifted from auxiliary chartsa
of the sweep measured on the graphical records
agalnst the steady-motion trim angle, at constant
speed.



14

ACCURACY

The accuracy of ﬁhe rendings from the various varts
of the mpnaratus aAnd to’ing gear has besn checked by fre-
quent calibration, »nd it is belleved that tha valu-=s
used in preparing the curves mrr2 corroct within the fol-
low'ng limits:

Speed, foot Der second . . . .« . . .+ . . . e e . . F,01
Resistence, POVRA o ..o o o .o o =+ s.s s e, o +0, 01
Trim, GEFTre® . . o « « + o « o o« o o s o » s &« o« o *0.3
Trimming moment, movnd-ineh . . . . . . . . . . « =*0.,1

Digolecement, mound . . . . . . ¢ &+ « o« 2 o .« o« o *T0,05

Another method for anpranising the nccuracy of the
t=sts 1s to compar= the reoroducibility of fully developed
vorvoising cycles. When the abparatus wns first nut into
usa, this mattar was gliven congsiderable mattention. It wasg
found that racords of morvoising cycles obtalned At inter-
valg of s=vernl months, under presumadbdly identicel condi-
tions, were As nearly =alike as they could be measured.

In A mora recant cage, two models bulilt to the srme lineg
and tested 2 y2-rs aprrt gave practicelly 1dantical re-
gsults over the entire spaad range. Thus it was not con-
gslidzred worth while to carry on Any systematic nrogsram of
check tests durling the nresent lnvestigation.

The modals wers very carafully constructed Aand it 1is
beliesved thet the avarage devistion from the linas was not
more th-n £0.01 inch. Spzacial car= was taken to oroduce
sharp edges =2t the step °nd chinss and to Avoid epny small
local irregularities. Tha models w=re made of white vine
and covered with four conts of spnr varnish rubbed down
to a very smooth finish with wet sandomaper hetween coats.
The Aver>ge length of time required to construct a model
wag mhout Y€ man-hours Witk an ndditional € man-hours for
setup nraperatory to testing,

TEST RESULTS

Thz graphical records of the test results warse
nountad directly om larga charts, one for esch sat of
particulsrs. One of these large cherts, for the refer-
ence shiv, hes been gsufficlently reduced in size to par-
mit including 1t in this rewort And is shawn nag figura §,
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Thies type of chart is conesidered an important presentation
0f the results becauese it provides a complete comprehen-
silve view of all the porpoising characteristics under a

given sst of particulare and not merely of the stability
limits.

Description of Large Chart —~ One for
Bach Series of Tests (fig. 6)*

(1) The ordinatee are trim angles that are meas~-
ured from the base line, which makes an angle of 3°
with the forebody keel; the abscissas, epeeds.

Speed scales are given for model and eship speeds and
for the speed coefficient OCy. The Stevens Tank

epeed numbers for the various fixed speede at which
tests were made are given at the foot of the vertical
lines drawn at these speeds.

(2) The graphical records of porpoising are
Placed on the chart with the small cross, which in-
dicates the gtesdy-motion attitude, at the helight of
the observed trim and longitudinally to the right of
the vertical speed line, on this line, or to the
left of it, depending upon whether ths tail damping
was one~half, one, or two times the normal tail damp-
ing, respectively. Values of the tail damping are
indicated at the tops of the vertical speed lines.

(3) A circle with alternate quadrants blacked
indicates that a test was made but that the motion
wvas stadble.

(4) The records are placed on their sides, 80
that increasing heave corrésponds to progression
toward the left of the chart and increasing trinm,
progression toward the bottom. The short horizontal
and vertical lines, respectively above and to the
right of a record, indicate zero trim angle and zero
heave from the static flotation corresponding to
140,000 pounds in the ehip.

(6) Notes are given defining the ranges of trim
angles within which the forebody or afterbody was
obgerved to be "wet" or fclear."

*Thig description applies partiocularly to the larger size
of these charts, In reducing, for fig, 5, certain detaills
bhave been omitted,
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ﬂ6) The thrae curves ranrergent the free-to-trim
track® for the hull 1n steady motion, the uvover sta-
b1lity limit, and the lower strbllity limit.

(7) The stebility limit 1s arbitrarily defined
Ag the trim At which the totsl gweop 1in trim anele
during morpolsing 1s 2%, The limite shown are for
noresl tall damping Arnd are 1ifted from Auxiliary
charts of trim swaen, ag measured or the graphical
records, Plotted Agrlingt steandy-motion trim anple nt
constant spe-=d.

In order to peprmlit readv comvarison of the test ra-
sulte, the etatllity limite have been taken off the larpe
charts described above and presented 1n the form of sum-
mary flgures, each of which shows the stabllity liritse
for all the modifications of one varimble, Thess summsry
figures constitute the princiral presentation in this re-
port:

Descrivtion of Summary Figures - One for All Modificatlons

of Each Variable (figs. 6 tn 30)

Trin apgzle ageinst speed (At the tov)
Included Aare:

Stability limits (for 2" oscillation) -
80114 curves cross-hatched on
unstable glde

Free-to-trim tracks -
center-line curves

Take~off trim tracks -
dashed curves

Resistnnce agaipst gpeed (in the middle)

Free-to-trim r=gistencas

I"E['he trim track corresnonding to resultant aerodvanamie
moments about the coanter of pravity egqual to gzaro, as odb-
tainad by intervolation. It is for th> hull, mlone, Aand
not for the corvleta ailrvlane.
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Applied moment and resigtance against trim (at the
bottom) .

Oross plots at four fixed speede indicated
DISCUSSION OF RESULTS

The effecte of each variable or modification covered
by the tests are discussed below in some detall. It 1is
intended that reference be made, in following the diescus-

slon, to the summary figures deacribed in the preceding
section.

It has been mentioned previously that the aim in lay-
ing out the program of experiments was to change only one
variable at a time, thereby isolating i1tes effects. Natu-
rally the program was not entirely succeseful in thle re-
spect; in certain cases, two or more of the variables
ligted were found to constitute essentially the esame
change from a hydrodynamic point of view. Where this is
clearly the oase, 1t i1g noted in the discussion.

Group I - Weight and Inertia Loadinge (Chart 1)

(1) Modification of groess weight (fiz. 6)

120,000 pounds 86 percent
140,000 (normal) 100
160,000 114
200,000 143

Porpoieing. Increasing the groses welght moves the
range of etabllity in the direction of higher trim
angles and leaves the width of the stable range vir-
tually unaffected, The speeds at which porpolsing
starts are delayed by increasing the grose welght,
and the free-to-trim track is shifted to higher trim
angles in the vicinity of the hump., The free~to-~trim
track tends to cut acroes the middle of the stable
ranges for all grosg welights,

Resletance., Not inveastigated (exocept for the normal
case).
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(2) Modification of moment of inertim (fig. 7)

0.816 x 10°® slug-feet® : 60 percent
1.366 ' (normal) 100
1.716 126
2.049 150

Pornoising. Incr~asing the moment of lnertia re-
duces very sllightly the range nf atabllity at low
spe2eds. The orinclp=1l consequenca of increasing
the momant of inertima is to increase the rorvolsing
amnlitudaes under otherwise identical conditions,.
The norvolsing frequency 1s repduced also, annrnxi-
mately 'in proportion to tke increase in the reclon-
roccl of the square root of the radius of gyratlon,

Beslgtence. This modifieation could not affoct the
reslistance.

(3) Modification of lcngitudinal position of center of
gravity (fig. %)

87 inches forward of step 3.7 percent term forward of step

70 (norral) 43,2
50 30.8

The center of gravity was shifted by altaring the
locatlion of the mod=l plvots and rerallasting.

Since thse hydrofoil 1lift 1e amavnplied through the
model pivots, this procedures 1s =quivalant to s2ltar-
lng th2 center of gravity and the wing nosition si-
multaneously And does not intrnduce an additional
moment dus to 1ift.

Pormnoislng. Shifting the center of gravity elther

forward or aft has only A very slight affact on the
range of stabllity At moderate speeds. The mrinci-
pAl consaguence of shifting the center of gravity 1is
to shift bodily the curves of mpplied mom=nt, the
reault beling that A different moment 1s reacuilred to
prcduce the same trim angle in steady mntion. As
would be expected, the reravirad change in annlied
moment is eaquml to the net waight on tha water times
the shift of the center of pravity and the ving,

Ragistance. Not investlgated for the free-to-trim
condition (excevt for tha normal casge),.



P

19

@Group II - Aerodynmmic Conditions (Chart 2)

(1) Modification of wing 1ift 2, at T = 5°%(fig. 9)

TN B3 v, ® pounde " 67 percent -
6.95 v,° (norm~l) 100
9.27 vsa 133

Ch:nging the-wing 1ift was accomplished by changing
the angle between the normal hydrofoil snd ths bull
base line .which sinmulates » change in the incidence
of the wing. This left dL/dT and 4L/dw. unchanged.

Porrpoising. Increasing the wing 1ift mhAkes tha ste-
ble rangs =ppreclably wider, chiefly by lowering the
lower limit at moderats sreads. The largest 1lift
tested prevented upmer-limit norpoising At high
speads. Incremsing tha lift lowsrs the fresa-to~-trim
track st modsrate ap=seds Just mbove the hump, so
that 1ts relation te tha lowzr limit of stabllity 1s
virtually vnaffect +d.

Resistance. Not investlpgated.

(2) Modificetion of wing 11ift rate 1z, (fig. 10)

0.344 v ® pounds ver degree 75 marcent
0.458 v 3 (normal) 100
0.687 vg° 150

Changing the wing 1ift rate was accomplished bdPv al-~
tering the hydrofnil sige. Thils produced a corre-—
sponding change in the value of dL/dw. The 1ift at
T = 5° was unchanged from the normal 1lift in all
cases. (In later teets, described below, d4L/dw

was changed independently.)

Porpoising., Increasing the wing 1lift rate has prac-
tically no effect on the stability limits At moder-
ate speads and decreases the range of stadllity very
8lightly At higbh speads. The fres-to-trim trrck 1is
unaffected -at mod«rate speeds Just over the humr,

BReslgtance, Not inveatigatad.
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(3)

Modification of vertic=l velocity damping gz, (fie. 11)

0.458 vy Pound-seconds per foot (normal) 100 percent
0.916 Ve 200

By menns of a speclally constructed dashvot which was
attachad to affect only the haaving motion, the rate
of change of 1ift with vertical wvelocity was doubled.
This change in the appsratus 1s shown in the second
sketch in figure 31. The teats were limited to three
speeds and to normal taill dmrmming.

Pornolging. Study of the porvolsing cwvecl=s on the
granhical records f~1ls to revesl any aonreciadble
differences when dL/dw 1s doublad.

Reglgtance. This mndification cnuld not aff-ct the
reglstance.

Note, The regsultant aerodynamic mowment M, 1s altered in
the courses of each ssries of tests Aand 1s not properly
congldered an independent variable.

(4)

(5)

Modification of tail moment rate M, (fig. 12)

0.98 vg pound-feet per degrae 71 percant
1.37 vq (normal) 100
2.05 vg 150

Pprpnising. Iner=asirg the tall moment rate has:no
noticeable effect or either gtadility limit or on the
range of stabllity. Tha largest moment rate used rp~
preclably reduced the gige of the ateady-state cycles
in lower-1limit porpolsing at high speeds, and there
was also & tendency to suppredss upmer-limit porvoising
at very high speads.

BRegistance., Thls modificetion could nnt affect the
ragistance.

Modification of teil d-mping rate Mq (fig. 13)

0 x 104 vg pound-foot~saconds ver radinn 0 parcent
2.02 Vg 25
L.o5 Vg 50
8.10 vg (normal) 100

16.2 Vg 200
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Porpoising. Inoreasing the damping due to the hori-

. sontal tail surfaoes lowers the lower limit at all
speeds; the amount increasing with speed from nearly
zero at the gpeed at whioh lower-limit porpoithg
starts to a very large amount at high epeeds; at &
given high speed, the effeot on the lower limit pro-
gressively deoreases as the tail damping is increased,
Inoreasing the tail damping has no appreciable effeot
on the position of the upper limit but -has a tendenoy
to delay the speed at whioh this type of porpolising
starte. The largest damping used {(twice normal) pre-
vented upper—~limit porpoising in the region of get-
avay speeds.

It is worth noting that, at 19 feet per seoond; mod-
el speed (about 70 mph ship speed), upper-limit por-
poising freauently oould not be suppressed with 20
times the normal tail damping and occasionally 80
times was not sufficient: In a few instanoes, lower-
limit porpoising was not entirely suppressed with 20
times the normal damping.

Resistanoe. This modifioation could not affect the
resistanoe.

(6) Inolusion of phase angle between q_xHq, and q (fig:14)

0° lagging (normal)
15°

25°
36°

It had been suggested that, in the full-size airplane,
there might be a time lag between the pitching ve-
looity and the pitoh damping moment produoed by the
tail. Speocial tests were therefore run to investi-~
gate this matter. The phase angle was introduced by
putting a small oalibrated spring between the dashpot
piston and its piston rod. Tests were run at approx-
imately the three lagging phase angles shown above,

at eaoh of three speeds, and with various values of
the tail damping rate.

Porpoising., The test results showed that the great-
est of the lagging phase angles considered was the
only one which had any noticeable effect whatever
and that its only effeot was to raise the lower limit
very eslightly at the loweast speed investigated.
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In order to make ae drastic a change as possibdle, the
afterbody was removed. For these tests, the model of —-
the forebody alone was eet up with an outrigger which
‘permitted Ballasting to keep the center of gravlity in
the same locatlion with r espect to the forebody and to
keep the moment of lnertia about the center of gravity
the same as for the complete hull, This outrigger

was placed high enough so that, in general, 1t was
clear of the water.

Porpoising. The tests of the forebody alone show
very olearly that the lower limit 1e attributable to
the forebody and that an upper limit does not exlet
when the afterbody 1le removed, At moderate speeds
(Just beyond the hump), the afterbody keeps the trim
angle down and prevents lower-limit porpolsing; at

all higher speeds, the lower-limit porpoleing 1s unin-~
fluenced by the presence or absenoe of the afterbody.

Resistance. BRemoving the afterbody deoreases the
reslstance at high speeds 1in the reglon where an
afterbody would ordinarily be wetted Dy spray oomling
off the forebody. 1In the reglon of the hump, remov-
ing the afterbody allows the trim to inorease and
large increases of resietanoce result. Also, the
water load otherwlse carrisd by the afterbody must
be carried by the forebody. The forebody therefore
rides deeper in the water, causing an additlonal in-
crease 1n resistanoe,

Bemarks. These experiments suggested the concept
that the forebody and the afterbody are essentlally
separate parts of the hull, serving different pur-
poses, and that to a conglderable extent modifica-
tlions of each may bs studled independently of modl-
ficatione of the other,

A comparison between the charaoterlstics of the com-
Plete hull and those of the forebody alone reveals,
in particular,

(a) That the afterbody 1s useful only in the
lower half of the speed range to take off
and that 1ts presence zt' higher speeds 18
entirely detrimental
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that, at rest and at "displacement" speeds,
1t provides flotation

that, at moderate speeds up to the hump, it
controls trim and resletance and prevents
lower-limit porpoising

that, at planing speeds, 1t 1s the direct
cause of upper-limit porpoising and some-
what lncreases reslstanoe

(b) That the forebody is entirely self-suffi-
clent at planing speeds and needs no help
from the afterbody

These 1ndications suggest clearly that the forebody
is the main hull and that the afterbody 1s an agppend-
age, the funotion of which 1s to control trim (by
providing nosing-down moments) until true planing of
the main hull 1s establigshed.

(2) Modification of afterbody angle (fig. 17)

29 between forebody and afterbody keels
z0
40
50
60
)

7
9%°

12°

(normal)

The afterbody angle was increassed by rotating the
afterbody at the model deck and shifting 1t verti-
oally so that the step helght was unchanged; 1t was
reduced by rotating the afterbody at its keel, leav-
ing the step helght unchanged.

Porpolelng. Increasing the afterbody angle ralses
the lower limit at moderate speeds and causes 1t to
start at a slightly lower speed but has no appreol-
able effect on the lower limit at high speeds; the
upper limit 1s ralsed and, with the two greatest
afterbody angles, the upper limit is suppressed at
high speeds. Reducing the afterbody angle lowers
the lower limit at moderate speeds and shifts 1ts
starting point to progreseively higher speeds dut
agaln has no effeot on the lower limit at very high
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speeds. The upper 1limit is lowered at all speeds-:
and its starting point shifted to progressively
higher speeds. With afterbody angles less than nor-
mal, the high-speed upper—~limit porpoising becomes
increaelngly violent as the angle is reduced.

Resigtanoe. The afterbody angle for optimum hump re-

sistance appears to be about 3#4° for this hull; with
angles greater or less than this the hump-reslstances
are oonsideradbly inoreased. This is consietent with
the findings of reference 6 in a general way. At
very high speeds, the optimum trim and resistance are
not partioularly affected by afterbody angle.

(3) Modifioation of afterbody lemgth (fig. 18)

2.25 times beam at maln step
2.76 (normal)
3.235 '

The afterbody length was altered by applying a con-
stant multiplier to the station spacing and moving
the atations 1n or out along the afterbody keel,.
Thue the afterbody angle and the step height were
unohanged.

Porgoieing. Decreansing the afterbody length ralses

the upper limit elightly and has only a very small
effect on the lower limit at moderate speeds Just
past the hump; the speed range over which the free-
to~trim track passes below the lower limit 1is
lengthened slightly. The shortest afterbody tested
stopped high~speed upper—limit porpolsing in the
present instance. The effects are generally simllar
to those regulting from modifying the afterbody
angle,

Besistance. Only the free-to-trim resistence was in-

vestigated in this oase. Inoreasing the afterbody .
length lowers the hump resistance somewhat. The

shortest afterbody ueed had a very high resistance

peak Just before the true hump, though this presum-

ably might have been eliminated by relooating the

tail cone. ’ O :
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(4) Modification of afterbody chine flare (fig. 19)

Chine flare removed
Normal
Extended

The normal afterbody chine flare ends abruptly, form-
ing a partial step a little forward of the stern
post. Two modifications were tried (1) extending

the chine flare aft so that it washed out at the
stern post (2) removing all the chine flare.

Porggising. Extending the afterﬁody chine flare

lovers the lower limit very slightly at moderate
speeds and leaves the upper limit practically unaf-
fected. Removing the afterbody chine flare raises
the lower limit slightly at speeds Just beyond the
hump and ralses the upper limit slightly, and pre-
vented high~speed upper-limit porpoising in the
present tests.

Resigtance.- Removing the afterbody chine flare

causss a high peak in the resistance before the true
hump and slightly increases the true hump. The very
high peak appeared to result from water clinging to
the afterbody sides and running up the tail cone,
Removing the afterbody chine flare had almost no ef-
fect at high epeeds. Resistance teste were not rum
with the gfterbody chine flare extended.

(5) Modification of height of main step - first series
(f1g. 20) :

1l percent of beam

3

6 (normal)
7

The step height was altered in this series by shift-
ing the entire afterbody vertically with respect to
the forebody.

Porpoising. 1Increasing the step height in this way

ralses the lower limit at moderate speeds Just past
the hump bdut has no appreciable effect at higher
speeds. The upper limit is raieed at all speeds and
upper-~limit porpolsing at very high speeds 1s sup-
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pressed. When the step height is decreased, the vio-
lence o0f the high-~speed upper-limit porpolsing 1s
progressively increased untill, with the lowest height

-%ried, thig type of’ porpoising ie’ exceptionally vio-
lent 1n the reglon of get-away.

Registance. Only free-to-trim resistanoe was inves-
tigated. Increasing the step.helght slightly  -in-
oreases the hump resistance and reduces the high-
speed resistanoce., - Thege indications are consistent
with those found 1n reference 7. .

(6) Modification of height of main step - second series
(fig. 21)

l percent of beam

5 (normal)
9

13

The step height was altered in thls series by rotat-
ing the afterbody about the intersectlion cf the
afterbody keel and the ptern post in the normal hull.
Thus the pcaition of ths stern post was unaltered.
The tests were carried to a greater maximum step
height than in the firat series,

Porpoieing. Inoreasing the step helght in this way.

has practically nc effect cn the lower-limit at any
speed or on the position of the upper limit. The
step heightes greater than normal again suppressed the
high-speed upper-limit porpcising and the 1 percent
step helght gave exceptionally violent high-speed
upper-limit porpolsing.

The position of the free-to-trim track Just past the °
hump 1s not affeoted when the step height 1s altered
in this way.

Reglgtance. Inoreasing the step height has practi-
oally no effeot ocn the true hump dbut decreases the

Peak before the true hump, 4t very high speeds the
resistance appears to be slightly decreased by in-

oreaslng the step height to greater than normal.

(7) Modifioations of afterbody dead rise at stern poat -
no ochine flare (fig. 22)
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-10° dead Tise at afterbody stern post
00
100 . .
200 _ (normal)
300

The afterbody was warped by leaving the dead rise at
the main step unohanged and alterling the dead rise
at the stern post; the buttooks were kept straight
lines. The step height and the angle of the after-
body keel were unaltered. No afterbody chine flare
vas used.

Porpoising. Decreasing the afterbody stern-post

dead rise has practically no ¢ffeot on the lower
limit at any speed but lowers the upper-limit at all
" speeds. Poesibly because of the absenoe of after-
body chine flare, the high-~speed upper-limit porpois-
ing was suppressed in all cases. The stern-post dead
rise whioh causes the greatest suppression of the
high-~speed upper-limit porpoising was found to be
about 109, Xrom the standpoint of upper-limit por-
roising, stern-post dead-rise angles between 100

and 2090 appear to give the best all-round results,

Regigtance. Decreasing the afterbody dead rise at
the stern post causes an aporeciable decrease of the
discontinuity that appears before the hump. The
true hump resistance is also lowered but to a muoch
lesser extent. At very high speeds, the resistance
is not altered materially, but 10° dead rise appears
to be about the best angle.

(8) Ventilation of main s tep for step height of 1 peroent -
rough preliminary trial (fig. 23)

g:nzzgz:izzi°€} Step height 1 percent beam
VYentilation of the main step was accomplished by
shifting the afterbody (set for 1 percent step
height) aftward along its keel by 6 peroent of the
beam and leaving open the gap thus caused. The
afterbody angle remained unchanged from the normal,
The tests are looked upon as very preliminary in
nature.
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Porpoiging. Ventilating the main step in this way

ralges the upper 1limlt alightly and entitrely suvn-
presses high-apeed upper-limid vporpoising. The
lower limit was not ianvestigated.

The effeot of this ventilation, even though impos-
sible to construct from a practical viewpoint, 1is
remarkable in that i1t suppressed entirely the very
violent high-speed upper-limis porpoising (the most
violeny yet emeountered) which occurred with an un-
ventilated 1 percent sbep.

Besigtarce. Not investigated.

Group IIIF - Forebody Form (Chart 3)

Drawings of modifioations are shown in figure 33. The
manner in which the various modificatione were car-
ried out should be especially noted.

(1) Modification of forebody form — first series of warp-
ing (fig. 24)

Constant section (misimum warping)

Normal fereboidy

Linear dead-rzise variatien (maximum warping,
dead rise ¢hanges 9.7° per beam forward of

A step)

The firet forebody in this group had the same length
as the nor=al foresbody, but all the esectiorns of the
normal foretcdy were ocmpressed into the forward
half. The after half had the uniform section found
at the main step in the normal hull.

The third model was oongtructed with a linear varia-
tion of dead rise from the forepoint to the main
step. The step section, the profile, the chine plan
form, and the dead rise near the forepoint were un-
altered.

Both models were tested with the normal afterbody.
These models may be considered as belonging to a
group in which warping of the forebody bottom near
the step is the variable, the ohange of warping
being -small between the first and the rormal models
and large between the normal and the third models.

’
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Porpoiging. Inoreased warping of the forebody bot-

tom lowers the lower limit very materially at all
except the very lowest speeds and very slightly
lowers the upper limit at all speeds. At hump
speeds, inoreasing the warping of the forebody bot-
tom has no great influence on the free~to-trim track
but }overs it materlally at higher speeds.

. Rgsigstance.- Increasing the forebody wérping in-

creases the hump resistance appreoiedbly, and also in-
creases the resistance at high speeds when the after-
body is olear. This is consistent with the findings

of referenoe 8.

(2) Modifioation of forebody warping -~ second series

(fig. 25)
Dead-rise changes 0: per beam forward of step
’ 2.7Y .
5.4°
8.19
10.8°

The forebody warping in eaoh oase was linear from
step to forepoint in exaotly the same manner as 1in
the linear-dead—-rise~variation model referred to
above. This resulted in having very low dead rise
in the forward half of the forebody in most oases,
The series was bullt to explore the effect of fore-
body warping more systematioally than in the firgt
serles, *

Porpoising. Inoreasing the warping of the forebody
bottom very appreciably lowers the lower limit at
high speeds but only slightly at speeds Just beyond
the hump.:- The upper -limit is also lowered, but to a
very much less-extent. Increasing the warping of the
forebody lowers the free~to-trim track at high speeds.
These effeots are similar to those found in the first
series,

It wvas found that the two models with a dead-rise

ohange of 0% per beam and 2.7° per beam had noticea-
ble tendencies toward diving at very high speeds and
low trim angles. Thig is undoubtedly due to0 the bow

seotions having insufficient dead rise and is of 1it-

tle interest here. . . -

TR e R R T R R T AR T
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Registance. Inoreasing the forebody warping in-
creases the resistanoce, at both the hump and planing
spoeeds.

(3) Modifioation of forebody length (fig. 26)

32.82 times beam at main step
3.44 (normal)
4,07

The models in this group all used the same forebody
seotiona; the alteration consisted of applying a oon-
stant multiplier to the station spaoing. The sta-
tiong were shifted in or out parallel t% a line tan-
gent to the normal forebody keel at the atep. The
multipliers for statlon spacing were the same as for
the modificatlions of afterbody length (group IIIA,
ohart 3).

In the planing range, the alterations in this group
may be considered as constituting small changes in
the warping of the forebody.

Porpolsing. Deoreasing the forebody length alightly
lowers both the lower and upper limits. With the
shortest forebody, the hull swamped at speeds below
the hump; no difficulty was found at high speeds,
however, when steps were taken to support the model
while it passed over the hump.

Resistance. Deoreasing the forebody length increases

the hump resistance appreoiably and the resistance at
planing spesds aslightly.

If the alterations are oonsidered as changes of fore-
body warping near the step, then the trends in re-
slstance and porpoising are the same as for the two
Preceding serles.

Group IIIE - Hull Form (Ae & Whole)(Chart 3)
Drawings of modifioations are shown in figure 33. The
mgnner in whioh the various modifications werse car-

rled out should be esvecilally noted.

(1) Modifioation of hull length (fig. 37)
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.5.07 times beam at maln step .
6.19 : . (nermal) -

7.32

The hull length was altered by Joining the altered-
length forebodies (group IIIF) to the similarly al-
tered afterbodies (group III4). The step height and
the afterbody angle remained unaltsered.

Porpoising. Increasing the hull length lowers the
lover limilt very slightly at low speeds Aand ralses it
slightly at higher spe=ds; the uvper limit is lowered
very slightly. The free~to-trim track in the region
Just past the hump, where it 1s important, is virtu-
Ally unaltered.

Resistance. Increasing the -hull length very appre-
ciably reduces the hump resistance. At planing
speeds, the resistancs 1s very slightly reduced.
These effects =re congsistent with those mentioned in
reference 8. :

(2) Modification of hull dsad rise (fig. 28)

0.5 times normel deed rise at-e-aoh station (10° at step) .
1.0 _ (20° Y(norwal)
1.5 (30° )

The hull dead rise was altered bv multinlying the
derd rise At each station b the same constant. The
keel profile was unaltered, dbut the chinas ware
changed as necessAry. The chine flarss ware in-
creased in-oroportlion to the dead rise.

Porpoising. Increasing the huvll dead risa ralsss

the lower limit quite materially and lowers the upver
limit scmewhet. The spesds at which both the uvmver
and the lower limits start are prograssively increased
with increasing kull desad rise. :

In the vicinity of 14 feet msar seocond, model spaed
(about 55 mph for the ship), the upver and lower
limits almost come togeth>r whan the hull dmsad rise
is 10°. Thus it would be nearly imvossidlse for such
a2 hvll to take off without passing throvgh a region
of instability. <hen the dend rise is 30°, there 1is
only a small gap between the upper and lowar limits
at spceds near get—-away.
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Reglgtance. Ircreansing the hull derd rise increases
the resistance apnreciably at all planings sveads,

The true hump resistancs 1ls not grently affected but
is lenst with 20° hull dead rise. Jith both 10° and
300 dead rise, the afterbody chine flare sppceared 1n-
sufficient to prevent coneidarmabdle sida Aand tail-cone
wettlng At low sp2erds And, thus, s large resistance
penk before the true hump. Thesa findings are in
general Agreement with thoses in raferance 6

Spray. No measurements weras mads of volume or height
of the spray, btut increasing the hull dend rise ap-—~
pearcd to lower the height of the spray snd to make
the hull much c¢leanser running.

(3) Modification of longitudinrml steo pnsition (fig., 20)

541 inchas aft of for=pcint (shifted 10.5 rercent beam Forward)
558 (hormal)
578 (shifted 12.Y4 vercent besm aft)

The lenesitudinal nngltinn of the meiln st2m was altered
by axtending or choorins off the nrigineal forebody and
nltering the afterbody length in the oopnnelt= sense,
The sten heilght, the angle between the afterbndvw ksel
and bage lina, and the longltudinal location of the
stern pnst were kent unalterad.

The net result is that of combining several of the
modifications alre~dy considered. ‘hsn tha step 1is
moved forward, the forebody ies shortened and 1its
warplng very slightly incremsed, the afterbody 1is
lengthened, Aand the aftarbody Pngle is in effret
slightly reduced; also, the center of gravity is
farther aft ralative to the step.

This modiflcation wag included mainly becmnuss shift-
ing the step is A relatively simple change to carry
out in full size.

Porpolsing. Moving the mmin sten forward lowers tke
lower limit very slightly at all speeds, as might be
expected from the slightly increased warning of the
forebody bottom. -The upper limit is sliwhtly lowered
at all sperds, Aagaln As might be expacted from the
decreased equlivalent afterbody angle. ’
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Moving the main etep forward has substantially the
same effeect on the moment curvees as shifting the
center of gravity aft by the same amount, The shift
of the moment curves is equal to0 the weight on the
vater times the dietance the step i1s moved,

Reslstance. Not investigated,

(4) Modification of plan form of main step (fig. 30)

45°% gwallow tall
Transverse (normal)
46° Vv

The plan form of the maln step was altered without
changing the keel lines of elther the forebody or
the afterbody. The amount of planing area shifted
aft of the normal transverse step was balanced by
removing an equal area forward of the normal trans-
verse step. This left unaltered the "mean" trans-
verse step and . slep helght.

Porpcleing. 1In going from a swallow-tasll step t0 a

V-step, the position of the upper limit is railsed
appreciably and the intengity of the upper-limit
porpoising, increased. At moderate speeds the V-step
lowers the lower limlt, srd the swallow tall raises
it. The sltuation is reversed at high speeds dut

the effects are not so marked.

Resistance., The plan form of the maln step does not.
have any apprecishle influeunce cn the true hump re-
sistanc reference 9 ), The V-gtep, however, de-
creases the helght of the peak 1n the reslstance
curve before the true hump, At high speeds, the V-
step appearas to have highest resistance and the awal-
low tail the lowest resistance in the reglon in

which the afterbody ias wetted.

COMMINTS ON THE TESTS

In a broad sense, lower-limit porpolselng and upper-
limit vorpoising are distinguiskhed, beyond the difference
in the general region of trim angles in which each ocours,
by the differing character of the porpoising motions.
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Lower-limit porpolesing is largely a phenomenon of the fore-
body alone, while upper-limit porpolesing depends upon both
the forebody and the afterbody and thelr relation to eaoh
other, In lower-limit porpolsing, the motion 1s smooth
and regular and the afterbody 1s, in general, olear of the
wveter, In upper~limit porpolsing, the motion ie very ir-
regular, though oonsigtent in suocoessive oycles in a given
case, and the hull appears to be thrown baok and forth,
the forebody and afterbody alternately carrylng the bulk
of the water load; the motion tends t0 have large ampll-
tudes in heave and relatively small amplitudes in pltoh.

By referring to the chart in figure 5, whioh shows
the graphioal records of porpolsing for the normal alr-
pPlane, 1t 1s apparent at once that the amplitude of lower-
limit porpoleing 1s relatively ineensitive to ohanges toO
trim angle and demping rate at speedes near the hump bdut
that 1t beoomes increasingly senslitive to both as the
speed lncreamres and 1s extremely sensltive at high speeds.
Thie menns, in effect, that from a praotical point of view
lower-limit porpoising 1s much more dangerous at high
epeeds than at low,

Upper~limit porpolsing starte at higher speede than
lower-limit porpoising, It develops very suddenly as the
trim angle exceeds that at which the afterbody takes an
eppreolable fraotion of the load, though a large change
of moment 1e ordinarily required to bring this about,

The droop of the upper-limit curvees with inorease of speed
appears to be oaused by progressive ohanges in the shape
of the roach left by the forebody. As opposed to lower-
limit porpoieing, the amplitude of upper~limit porpoleing
i1s ordinarily quite insensitive to changes of damping
rate and to the speed; the motion 18 essentlially violent
at all times. The epeed range over whioh 1t ocours oan
often be slightly reduced at ite ende by inoreased tail
dempling; at speeds in the middle of the range, however,
inoreasing the damping rate to 80 times normal quite fre-
quently has little effeot. .

A fev speolal testes were made under the normal par-
tioulares to explore the range in trim angle of upper-
limit porpoieing. The indioation that upper~limit por-
poleing was enoountered when, with increasing trim angle,
the afterbody would have taken an appreciable, fraotion of
the total load 1f the motion had remalned steady suggested
that thie type of porpoising might be eliminated and sta~
billity reestablished i1f the bulk of the load were trans-—
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ferred to the afterbody. This was found to be the case.
Very large stalling moments ~ far beyond any magnitudes
possible in praotice - wa¥e required, as had been antic-
ipated, and the return . stable motion usually oocurred
only when the forebody came clear — the entire load then
being supported by the afterbody. What had not been an-
ticipated 18 the fact that the trim angle under these con-
ditiodis oan be less than that of the ordinary upper-limit
ourve,

CONCLUSIONS

Group I - Welght and Inertia Loadings

1. Increasing the gross load ralses the trim angles
at wvhich both the upper snd lower limite of stabllity oc-
our and delays thelr starting to higher speeds,

2. FNelither moment of inertia in pltech nor the center-
of-gravity poslition has any appreciable influence on the
limite of stabllity, though the latter has a pronounced
effect on the moments and thus on the avallable trim range,

Group II - Aerodynamic Conditions

1. The actual 1lift at arbitrary trim Zy and the
rate of change of 1lift with trim 2Zg are the only aero-

dynamio variables which influenoce the positisn of both
limits. It will be noted that these two variagbles, in
contradistinetion to any other aerodynamic variables, af-
fect the net load on the water in steady motion,

3. The aerodynamic pitch damping rate Hq has a

large effeot on the lower limit of stabllity at high
speeds, but ites effect decreases as the damping 1a in-
creased and 1s much less at damplng rates near normal
than at lower damping rates. The damping rate has prac-
tioally no effect on the upper 1limit of stabllity.

3. Y¥one of the other aerodynamic derivatives has
appreclable effects on elther stabllity limit.
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Group IIIA - Afterbody Form

l, Modifioatliong which raise the stern post have
the following general effeots:

() To ralge the upper limit and,. if carried
far enough, to0 suppress upper-limit porpoising at
high speeds

(b) To ralee the lower limit in the vioinity
of the hump

_ (0) To raise the free-to-trim track in the
vioinity of the hump and the hump resistance

They do not affect the lower 1limit at high speeds.

2, High-speed upper-limit porpoising was suppressed
in the present tests by increasing the step height, by
ventilating the step, or by removing the afterbody chine

flare. This point needs further investigation,

Group IIIF -~ Forebody Form

I. Modifications which increasse the warping of the
forebody bottom lower the lower limit of stablility very
appreciadbly and the upper limit very slightly. .

Group IIIH - Hull Form (As a Whole)

l. Increasing the hull dead rise raises the lower
limit appreciadly and lowers the upper limlt moderately.

2. The step position has very little influence on
the stability limite, its chief effect being to shift the
momeht ourves, as in the case of a center-of-gravity shift,

3. Ohanges of hull length have the oombined effects
of independent ohanges of forebody and afterbody length.

4. A Bwallow-tall step has less intense high-speed
upper-limit porpoieing than a normal transverse step, dbut
the usual step has on the whole better stability oharac-
terietios then either the V- or swallow~tall gteps. :

Experimental Towing Tank,
Stevens Institute of Teohnology,
Hoboken, N. J,.
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TABLE I
DIMENSIONS AND PARTIOULARS (NORMAL) FOR FULL-SIZE
FLYING BOAT XFB2M-1 AND _SCALE MODEL .

30
Dimensions Tull size 1/30-scale model
gbesn at main step, in . . . ... ... 162 5.40
Angle between forebody keel and
base line, deg s s e s e'a e = s s s a 2.0 2.0
Angle between afterbody keel and
base line, deg e e o s o s o s s s »"a 5.0 5.0
Height of main step at keel, in . . . . . 8.1 0.27
Center of gravity forward of main
step (26.58 percent M.A.C.), in . . . . 7O 2.33
Center of gravity above base line, in . . 1U46.7 4.89
Gross welght, A, 1 . . . . . . . . . 140,000 5.19 f.w.
Load coefficient, Cp (sea water) . . . . 0.89
Moment of inertia in pitch, slug-ft® . 1.366 x 10°
1b-1n® . . 6.328 x 10° 260
Wing epen, £t . + ¢ & ¢« o « o = o =+ . . 200 6.67
Wing area, S, 83 ft « « « « « o - « . 3583 4,092
Mean aerodynamic chord, M.A.C., in . . . . 249 8.30
Aspect ratio (geometric) . . . . . . . . . 10.97 10.87
Horizontal tail erea, sq ft . . . . . . . 508 0.565
Elevator area, s ft . . . « . - ¢ . . . . 143.7 0.160
Distance c.g. to 35 percent M.A.C.
horizontal teil (tail length), ft . . . 63.6 2.12
Thrust line above base line at
meln 8tePs 1N « + ¢ ¢ « + . s . o o o o 230.3 7.68
Thrust line inclined upward to
base 1line, deg .« - - ¢ - o = « o o o @ 5.5 5.5
Tull-gize
Ratios Nodel
1/,
Of velocities, A e s e s s s s e e e e BUTT
. Of linear dimensions, A e e e o s e e 3.0X 10a
Of areas, A2 . ¢ ¢ ¢ v e e e 0o v v eee. 9.0x%X10
Of volumes, y SO 27.0 x 10:
Of moments, At L Lttt e e e e e .. BLOX 105
Of moments of 4inertia, A® .. . ... .. 243.0x%x 10

88ee footnote on p.lO.
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TABLE I

DIMENSIONS AMD PARTICULARS (HOEMAL) FOR FULL-SIZE FLYING

BOAT ZPBoM-~1 AND %-scu.m MODEL (Continued)

Aerodynemic characterlstics

Cp, at T = 0 (relative to base 1line,

flepa, 30%) + - ¢ & e e e e b e e ..

L at T=5% ¢ ¢ ¢ ¢ ¢« o 0 o o o + s
L -
dL/art (dz/ae), lbfdeg . . « o o . -
aL/aw (az/aw), 1b-sec/ft (&& f) . .
chGG/d.aBL =dCMcG/d'r (av.) . . . ..
aM /ar (aM/ae), 1b ft/deg (av.) . .
dM/dq, 1b ft sec/radian . . . . . . .

dM/aw, 1b sec (av.) « o v o . .. L)

dM
= :& , ft/radlan . . . . . c e
dM/dq /Tail length, 1l/radian . . . .
a4/ aw
Get—away speed, fps . . « . . . . .«

Get-a“ay%.-.-.-.--.--

G'et-a-m.r’ d.egoauuaoaaoc

Full size 1

1.585

O-gcale model

1.585

6.95 va(py T-72 X 107° ¥°

0.1045
0.458 va
0.458 v,
0.0150
1.365 va
8020 X v,

18.3 X v

102.5

1.61

130
1.890

8.8

2431 trim angles meassured relative to the base line.
Contribution of horlzontal tall surface only.

cSu‘bscript 8 1ia for full size.

0.1045

0.509 x 10~2 ¢2

0.509 X 10™>
0.0150

5.05 X 107

9.90 X 1073 ¢

2.90 x 103

3.1

1.61

23.7h
1.890

8.8
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